cial behavior of 18C6 (18-crown-6) , in relation with its ionophoric properties. This is part of a series of simulations on extractant molecules at the ITIES (interface between two non miscible solvents). In previous publications we considered monomers of calixarenes, cryptand, in various conformations 17 , and of their cation complexes [17] [18] [19] at the water chloroform interface. Other extractant molecules like CMPO 20 , TBP 21 , phosphoryl containing podants molecules 19 , valinomycin 22 were also simulated. One important result was the high affinity of these species for the interface. Although they are more soluble in chloroform than in water, they were found to adsorb to the interface, instead of migrating to chloroform. They therefore behave as surfactants. The question of counterions on interfacial activity was also studied by comparing the hydrophilic Cl -with the amphiphilic Pic -counterion, widely used in extraction experiments, and the free energy profiles for unassisted/ assisted ion transfer were calculated. 22 In those studies, however, one single solute molecule was considered, and it was stressed that the interfacial behavior might depend on the concentration of the salts and ligands. The purpose of this study is to investigate more complex systems, starting with aggregates of the free or complexed ionophore. Compared to the previous studies, the time scales are larger (1 ns for each system).
From the methodological point of view, we also explore the questions of long range electrostatic forces on the interfacial behavior, by performing the simulations using the Ewald summation method.
More specifically, the following systems have been simulated: the (18C6) 10 aggregate of uncomplexed hosts, the (18C6 . K + Pic -) 6 , (18C6 . K + Pic -) 1 and (18C6 . Sr 2+ 2Pic -) 1 complexes, simulated starting at the interface, equally shared between the two solvent phases. Finally, we performed two simulations of an "ion extraction experiment", starting with six 18C6 molecules in the bulk organic phase, next to an aqueous solution of six K + Pic -ions. The choice of K + as potential guest comes from the binding specificity of 18C6 and its derivatives for this ion in most solvents. 1, 6, 23 The 18C6 molecule, which is one of the cornerstones of supramolecular chemistry 1, 3, 5 , has been the target of most of the computer simulation methods. After the first molecular mechanics studies of 18C6 free and complexed in the gas phase 24 , its conformational state has been investigated by MD (molecular dynamics) or Monte Carlo simulations, in the gas phase 25, 26 and in polar solutions like water 27, 28 , acetonitrile 29 , or the pure liquid phase 30 as well as in apolar solvents. 31 The question of ion binding selectivity in solution has also been extensively explored by MD techniques. 29, 32 Important insights into the ion binding features are beginning to emerge from QM simulations on the complexes in the gas phase. 33 However, to our knowledge, no theoretical investigation of its interfacial behavior has been reported so far.
Methods

Representation of the system
We used the modified AMBER4.1 software 34 with the following representation of the potential energy:
(1)
The bonds and bond angles are treated as harmonic springs and a torsional term is associated to the dihedral angles. The interaction between atoms separated by at least three bonds are described within a pairwise additive scheme by a 1-6-12 potential. Parameters for the solutes were taken from the AMBER force field 35 and our previous studies on 18C6. The atomic charges on 18C6 (q O =-0.404, q C =0.244, q H =-0.021) from ref. 26 were used without special scaling factor for 1 ... 4 interactions. The Pic -anion is described in ref. 36 . For the solvents, we used the TIP3P model for water 37 and
the OPLS model for chloroform 38 , where CH is represented in the united atom approximation. All C-H, O-H, H ... H, C-Cl and Cl ... Cl "bonds" were constrained with SHAKE, using a time step of 1 fs. In all simulations, a residue based cut-off of 12 Å was used for the non-bonded interactions, where each 18C6 and each ion is topologically defined as a single residue.
Calculations on charged systems (with 6K + and 6Pic -ions) were performed first with the "standard procedure" (where non-bonded interactions beyond the cutoff distance are neglected), and then using the Ewald summation method as implemented in AMBER 4.1. Strictly speaking this method, inspired from calculation of electrostatic interactions in three dimensional periodic systems like crystal (see ref. 39) does not apply to interfaces. However, when compared to standard calculations, it gives indirectly insights into the effect of long range electrostatic interactions on the behavior of the system.
The solvent biphasic system was built from two adjacent "rectangular" boxes of pure chloroform and water (Fig. 1) . The number of solvent molecules and the sizes of the cells are presented in Table 1 . As they are relatively constant for all systems, the solutions of (18C6·K + ·Pic -) 6 are about six times more concentrated than those of (18C6·K + Pic -) 1 or of (18C6·Sr 2+ ·2Pic -) 1 (about 0.12 and 0.02 mol/l, respectively)
The MD simulations were performed in the (N,V,T) ensemble using a density rescaling procedure of the coordinates before minimization in order to start with the experimental density of chloroform (1.49 g cm -3 ). 40 MD started with random velocities at 300 K, and the temperature was controlled by coupling to a thermal bath 41 with a relaxation time of 0.2 ps. For the "standard calculations" (no-Ewald), periodic boundary conditions were applied along the x, y directions only, and a restraining force F restraint of 15×(z-z solv ) 2 kcal/mol Å was added at the z edges to prevent evaporation of molecules outside the box (z solv =z -chl or z -wat , see Fig. 1 ). In the calculations performed with the Ewald summation, the periodicity was applied in the three directions. Thus, the solvents are represented as slices, whose z edges correspond to either another liquid/liquid inter- 44 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 face (calculations with Ewald), or to a liquid/vacuum interface (calculations without Ewald).
Analysis of results
The trajectories saved every 0.2 ps were analyzed with our MDS 42 and DRAW 43 softwares. The z position of the interface was defined as the intersection of the density curves of the two liquids, recalculated at every set. The position of the different moieties of the solute (18C6, the Pic -counterion, K + and Cl -ions) with respect to the interface was defined by the z distance between their center of mass and the interface. For a purpose of simplification, some residues which displayed similar behavior were grouped together for averaging. We also calculated the normalized density curves of these species, as a function of the z coordinate, in the first and last windows of the simulations. As they are difficult to read, they are not presented here, but can be obtained from the authors on request.
The interaction energies between the different moieties of the solute (cation, anion, ligand) and each solvent have been recalculated from the trajectories. Average values are reported in Tables 2 and 3 . Averages at the beginning/the end of the simulations give insight into some of the "driving forces" of the dynamics. Averages are also reported for those of the species which, at the end of the simulation, sit "at the interface" (within 4 Å), and for those which sit "in the bulk" phases. For consistency, the analysis of Ewald and no-Ewald trajectories have been performed within the 12 Å cut-off distance only, without further correction.
Results
This simulated systems display some complexity and dynamics features, which can hardly be accounted for by a few static pictures, nor to a few time dependent selected parameters. Computer graphics stereo and color coded views are necessary to follow the trajectories of the different moieties of the solute and their solvation.
Generally, the results of each system depend on the way the electrostatic interactions are calculated. The motions and structural reorganizations that take place with Ewald are reduced, compared to those obtained in the same conditions without Ewald. In the following, we first describe the (18C6) 10 aggregate of the uncomplexed crown. This is followed by several simulations on its K + Pic -complexes in different concentrations, and initial conditions.
Simulation of the (18C6) 10 aggregate at the interface
As the 18C6 molecules are neutral and only weakly polar, there were simulated using a standard treatment of electrostatic interactions (i.e. without Ewald). At the beginning of the simulation two stacks of five D 3d molecules of 18C6 were placed at the interface, equally shared by the two solvents (Fig. 2) .
Distribution with respect to the interface.
During the dynamics, these stacks completely rearranged. Some of 45 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 the molecules adopted different orientations and conformations. To follow their position, we calculated the distance d i between the center of mass of each crown 18C6 i (i=1 to 10) and the interface. The time evolution of d i (Fig. 3) shows that none of the 18C6 molecules diffused to the water phase. Most of them remained at, or close to the interface, with a marked preference for the chloroform side. At about 200 ps, some of them have started to move (by about 5 Å) in the organic phase. At the end of simulation, one was completely in chloroform (d 8 is about 15 Å), and another was at about 10 Å. Only one crown (see d 10 ) was somewhat more on the water side, but still adsorbed at the interface. If one follows individual trajectories, it can be seen that some of the crowns (see e.g. d 9 and d 4 ) first moved away from the interface (about 10 Å), but then returned closer (about 5 Å). They remained D 3d and coordinated to water molecules. Thus, the fact that most of the molecules stay close to the interface is not an artefact due to the starting situation and from too short simulated times, but very likely corresponds to an equilibrium situation. It also indicates that ionophores are not static at the interface, but in motion.
The energy component analysis between the solute and the solvents (Table 2) shows that, at the end of the simulation, the 18C6 molecules that remained at the interface have equal interactions with water and with chloroform solvents (about -25 kcal/mol), while those which diffused to chloroform interact with chloroform only (by about -46 kcal/mol, i.e. somewhat less than the total interaction energy with the two solvents at the interface). These numbers indicate that migration to the organic phase is not driven by enhanced solute/solvent interactions. Solvent cohesive "forces" involving entropy effects may play an important role, but cannot be directly assessed from these simulations.
Conformations of 18C6.
During the dynamics, some of crown undergo conformational changes from the starting D 3d structure. This happened with those molecules which are in the chloroform phase, remote from the interface, and have no coordination with water.
Two of them adopted the C i form, which is intrinsically the most stable, and predicted to be more populated than the D 3d one in apolar solution. 24 The lifetime of these C i forms was about 500 and 100 ps, respectively. At 1 ns (see Fig. 2 ), these crowns displayed dihedral angles which are reminiscent of those of the D 3d and C i forms. Based on Monte Carlo 27 and MD simulations 28 , it was predicted that the D 3d form would be stabilized and the most populated form in bulk water. At the interface, we notice that all molecules which remained in contact with the aqueous phase remained D 3d and sol- 
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a. In this column, averages are performed for all X species at the beginning (0-50 ps; first line) and at the end (900 -1000 ps; second line) of the simulation. b. In this column, averages are performed over the 900 -1000 ps for those of the X species which are adsorbed (within 0.4 Å) at the interface (first line) and for the others which are "in the bulk" (second line). The corresponding number of molecules is given in parenthesis. c. Corresponds to the "extracted" 18C6·K + complex (see text and vated by bridging water molecules on one face, as in bulk water. 27 Figure 2 shows that in the plane of the interface, water makes hydrogen bond networks, which are all connected to ether oxygens of the D 3d solutes. Thus, despite its zero dipole moment, the D 3d form displays some amphiphilic character, and asymmetrical surrounding by solvent at the interface. In the organic phase, it adopts "hydrophobic conformations" like C i 27 different from those in the "source phase" or at the interface.
Simulations of the (18C6 . K + Pic -) 6 Fig. 5 display the time evolution distances of different moieties (crowns, anions, cations) of the solute from the interface. Five of the crowns oscillate at a more or less constant distance (about 2 Å) on the chloroform side of the interface. Sometimes, one of them moves more deeply to chloroform, and comes back. This contrasts with the crown of the 18C6 . K + "extracted complex", which moves as deep as 10 Å (at about 700 ps), and finally comes closer to the interface (see d CI4 , Fig. 5 ). Thus, again, its proximity with the interface at the end of the simulation does not seem to be an artefact due to a too short simulated time, but from a real "affinity" for the interface.
For the counterions, two situations can be distinguished (Figs. 4 and 5) . A group of five Pic -sit on the average slightly on the water side of the interface (at about 2 Å), while the sixth has moved deeply into chloroform (about 10 Å at 400 ps, and 16 Å at 700 ps). Interestingly, the latter still interacts with water (about -6 kcal/ mol due to the water dragged molecules), but much less than the five others which remained at the interface (-46 kcal/mol). All anions display attractive interactions with the chloroform phase (-23 kcal/mol for the five at the interface, and -68 kcal/mol for the one which is in chloroform).
The K + cations have different positions, depending on their free/complexed states. The complexed K + which was extracted in chloroform is at about 7 Å (see d KI4 in Fig. 5 ), while the two others which are complexed remain right at the interface. The three decomplexed K + ions are, on the average, at about 7 Å in water (see <d KI > 135 in Fig. 5 ). The distances between the K + ions and the center of the corresponding crowns indicates that decomplexation takes place stepwise, and is not reversible. The number of complexes drops from six to five at 220 ps, to four at 610 ps, and three at 800 ps. We observed that decomplexation takes place when the crown has rotated to become parallel, rather than perpendicular to the interface, i.e. when the environment of the complex is the most asymmetrical. It is thus stressed that such (a)symmetry determines the (in)stability of the complex, and presumably facilitates its formation at the interface.
Another important feature concerns the micro-surrounding of the extracted complex. Its K + ion is coordinated to one H 2 O molecule at each face which brings about 30 kcal/mol of stabilization (Table 2) . Each H 2 O is further hydrogen bonded to a Pic -anion (see Fig. 4 ). Thus, no counterion is directly coordinated to K + , as it 47 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 should be in a dry organic phase. Traces of co-extracted water and counterions facilitate the solubilization of the complexed cation in the organic phase where the extracted complex remains of inclusive type. In addition, the 18C6 moiety of this complex displays the largest interactions with chloroform (-32 kcal/mol).
Concerning the 18C6·K + complexes that remain at the interface, they are clearly more attracted by water than by chloroform (by about -63 and -18 kcal/mol, respectively), mostly due to the contribution of the encapsulated K + ions. The (18C6 . K + Pic -) 6 aggregate ("simulation with Ewald").
The simulations of the same (18C6 . K + Pic -) 6 system with the Ewald summation leads to results that are consistent with those described above, but with a more pronounced tendency to remain close to the interface. Generally speaking, the solutes tend to be more on the water side of the interface than in the standard simulations. This is illustrated by the final structure obtained after 1 ns (Fig. 4) , and by the time dependent distances from the interface (Fig. 5) . Only two of the 18C6 . K + complexes decomplexed, and this happened later than in the simulations with Ewald (at about 600 ps) than without Ewald (at about 200 ps). With Ewald, all Pic -counterions remained close to the interface, and only two K + cations have moved deeply into water. Another distinct feature is that now, none of the complexes diffuses to the organic phase. 48 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 Examination of the trajectories and of the distances from the interface (Fig. 5 ) again indicates dynamics processes and oscillatory motions with respect to the interface. For instance, the number of 18C6 or of Pic -anions at the interface is most of the time six, but it may be instantaneously five or four. They undergo oscillation motions rather than deep translations. At the interface, the cations interact with water only (-25 kcal/mol), the crowns interact more with chloroform (-20 kcal/mol) than with water (-9 kcal/mol), while the reverse holds for the Pic -anions (-17 and -37 kcal/ mol, respectively). Table 3 shows that the whole solute is clearly more attracted by water (-140 kcal/mol) than by chloroform (-35 kcal/mol), due to the contributions of K + (-75 kcal/mol) and of Pic -ions (-63 kcal/mol). Based on these numbers only, it could be anticipated that the complex should move to the aqueous phase. Why is it not so? First, let us notice that the 18C6 host is more often perpendicular, rather than parallel to the interface, which enhances the stability of the inclusive form. Second, the latter does not migrate to water because of the solvent cavitation energy. As water has a surface tension much higher than chloroform (72.9 and 26.7 mN m -1 , respectively 8 ) the energy cost for creating a cavity in water is higher than in chloroform, and likely is too large to be compensated by the changes in solute-solvent interactions. On the other hand, while staying at the interface, the solute still enjoys significant stabilizing interactions with the aqueous phase.
Why is the (18C6·K + Pic -) 1 complex stable? One may also wonder why this (18C6·K + Pic -) 1 complex remained of inclusive type, while some complexes of the (18C6 . K + Pic -) 6 aggregate dissociated. An interesting feature emerges from the energy component analysis of the two systems, calculated with Ewald for consistency. On the average, the K + cation of the monomer interacts better with water than do the complexed K + cations of the hexamer (-75 and -25 kcal/mol, respectively). This trend results from the fact that, as the concentration of solute species increase at the interface, the local concentration of water decreases. As seen in Fig. 6 , the K + cation of (18C6 . K + Pic -) 1 is surrounded by 2 to 3 H 2 O molecules at each face of the crown, which seems sufficient to prevent decomplexation. Such an arrangement is less probable at a more concentrated (or even saturated) interface, due to the proximity of free crowns or with anions. Another noticeable stabilizing feature of the monomer results from a cooperative solvation effect involving the counterion (see Fig. 6 ): the phenolate oxygen of Pic -is firmly hydrogen bonded to one water molecule which builds up a relay to K + . In more sophis-49 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 Fig. 8 , as a result of the strong adsorption of the anions at the interface. This position is considered as the starting one (0 ps). The complex remained bound and at the interface for about 400 ps, but then it underwent a slow dissociation. Between 450 and 700 ps, Sr 2+ and the anions were separated by a few water molecules (Fig. 8) , and Sr 2+ was surrounded by water, at about 4 Å from the interface. After 750 ps, complete dissociation took place: Sr 2+ diffused deeply in water, while the crown and the two Pic -anions remained at the interface (Fig. 9 ). This behavior, quite different from the one observed with the K + complex, simulated in the same conditions results from the larger hydration energy of Sr 2+ , compared to K + (∆∆G hyd =259 kcal/mol 44 ). The energy component analysis (Table 3) confirms that the decomplexation is mostly driven by the increase of Sr 2+ interactions with water (by about 450 kcal/mol), and to a minor extent by the increased hydration of 18C6 and the two Pic -anions. The latter always remain at the interface (Fig.  9) , but slightly more deeply in water than with the K + -Pic -complex, presumably because they are attracted by Sr 2+ .
Simulation of the first stages of the liquid-liquid extraction process, starting with 6(18C6) molecules in chloroform, and 6(K + Pic -) ions in water The simulations reported above started with the solutes at the interface, to test the response of these hypothetical configurations. In this section, we investigate what happens on the same timescale (1 ns), when one starts with conditions closer to the experimental ones: initially the salts are in the aqueous phase, while the extractant molecules are in the organic phase, at about 12 Å from the interface. These systems are noted 6(18C6) chl /6(K + Pic -) wat . As above, we performed two sets of simulations, without and with Ewald, respectively. Figures 10 and 11 show that no ion extraction or complexation by 18C6 occurred. However, important events have taken place. In both simulations, 18C6 molecules have moved toward the interface, where about three of them adsorbed. The Pic -anions also adsorbed at the interface. In the Ewald calculations, all six Pic -are on the average at about 1 to 2 Å on the water side of the interface. In the no-Ewald calculations, two diffused rapidly and stayed at the interface, while the others stacked by pairs in water, in close contact with K + cations (see Fig. 10 ). Such anion-anion pairing is fully consistent with the fact that Pic -anions 50 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 can "attract each other" in water, due to solvation effects. 45 For the K + cations, distinct behavior can be noticed, in relation with the counterions and the treatment of liquid boundaries. In the no-Ewald calculations, the right side on water (Fig. 10a) corresponds to an air/ water interface". It is remarkable that during these simulations, pairs of Pic -anions close to this interface are accompanied by K + cations. Thus K + cations at more than 20 Å from the water/chloroform interface (see Fig. 11 ) are indeed close to the water/air interface where they are attracted by Pic -anions. In the Ewald calculation, about 3 to 4 K + remained as expected in the source phase, surrounded by water molecules only. However others moved close to, or at the interface. Thus, although the cations alone would be "repelled" by the interface 46 , they can be attracted by the surface active Pic -counterions. The energy component analysis at the beginning and at the end of the simulations (Table 2) , with Ewald or without Ewald, does not reveal large changes in interaction energies with water nor with chloroform. This suggests that the driving forces for such migrations come mostly from solvent-solvent interactions.
Discussion and Conclusion
We report the first simulations on a prototypal ionophoric system at an "ITIES": the 18C6 molecule uncomplexed and its K + Pic -complex. From the methodological point of view, we compared two different protocols concerning the treatment of "long range" electrostatic interactions and the boundaries of the system. Although detailed results are found to depend on the simulation conditions, a number of clear trends emerge from these simulations.
The free ionophores at the interface
We find that the free 18C6 ionophore displays a high affinity for the interface, rather than for any of the "bulk" phases. This finding is consistent with a number of data, which show that extractant molecules display a high interfacial activity [47] [48] [49] , as do neutral acyclic molecules like alcohols or ethers. 50 Crown ethers like 18C6 and DC18C6 (dicyclohexano-18-crown-6) are surface active and saturate the air/water interface (at concentrations (log c) of -1.1 and -4.0, respectively), as do their lipophilic derivatives. 51 Electrochemical studies show that they assist the cation transfer from water to an organic phase. 7, 52 Interpretation of extraction kinetic data is also consistent with models involving adsorption of crown ethers at the interface. 47, 53 Neutral extractant molecules like TBP form a monolayer at the water/ dodecane interface 54 , a feature which was nicely reproduced by MD simulations. 21 The enthalpy of adsorption of TBP is comparable to, or somewhat larger than the enthalpy of migration to the organic phase (-10.9 and -10.3 kcal/mol, respectively). 54 Similarly, the amphiphilic L-tryptophan molecule adsorbs at the water/ octanol interface and its free energy of adsorption (-5.5 kcal/mol) is larger than its free energy of transfer (-1.4 kcal/mol). 55 On the computational side, we found that macrocyclic molecules like cryptands, calixarenes, or acyclic ones like CMPO or TBP, adsorb at the interface. [17] [18] [19] [20] [21] 56 Our calculations on 18C6 are consistent with these data. However, the picture of the (18C6) 10 aggregate differs from that of (TBP) 10 21 or of (TPTZ) 16 (Fig. 12) we simulated in comparable conditions. The TBP or TPTZ ionophores form a monolayer with all molecules adsorbed at the interface, while the 18C6 system displays an equilibrium between molecules adsorbed at the interface, and others which have moved somewhat to the organic phase. In our calculations, the interfacial area is about 1100 Å 2 , i.e. ten times the estimated surface of 110 Å 2 per D 3d crown. At the air/water interface, an average surface of 70 Å 2 per 18C6 was calculated from the Gibbs adsorption isotherms 51 , but no value have been reported at a water/chloroform interface. It is not certain whether the absence of monolayer with 18C6 is due to a too low concentration in the calculations, or corresponds to a real effect. We believe that an increased concentration would induce still more diffusion to the organic phase.
Generally, the orientation of ionophores at the interface favors the ion capture from the aqueous phase (see TBP 21 , or the 5-Br-PADAP molecule 57 ). Cyclic ionophores like valinomycin with non equivalent faces adopts at the interface an orientation suitable for ion capture. 22a In the case of a flexible molecule like 18C6, 52 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 it is remarkable that the conformation adopted at the interface is the same (D 3d ) as in the K + complex, i.e. for the cation which is selectively bound. This contrasts with the organic phase, where it would be mostly C i (without cavity). Thus, adsorption at the interface induces a preorganization of the host for complexation. Similar features should operate for acyclic bidentate extractant molecules like CMPO's, diamides, etc.
The complexes at the interface
The different simulations on the 18C6 . K + Pic -system lead to different trajectories, depending on the starting conditions, the concentrations, and the protocol used for the simulations. Thus, the timescales of 1 ns may be too short to provide a statistical representation of the systems at equilibrium. Concerning the simulations with/without Ewald, it is not clear which of the two representations is the less inappropriate. This question remains presently open. However, a number of converging features emerge from these simulations.
First, in diluted conditions (simulations on the (18C6 . K + Pic -) 1 monomer), the complex adsorbs at the interface and remains of inclusive type. It is more amphiphilic and more surface active than the free crown. This is consistent with the related data on DB18C6 (dibenzo-18-crown-6) in benzene solution, in contact with a 0.017 M KCl aqueous solution (log c =-3.4) 58 , as well as with complexes of lipophilic derivatives of crown ethers. Complexes of TBP with salts are more surface active than the free TBP. 59 Despite their positive charge and repulsive interactions, the 222 Na + cryptates adsorb at the water/mercury interface. 60 Our MD calculations on cation complexes of calixarenes, cryptands, CMPO, diamides or TBP also revealed similar behavior.
Comparison of the (18C6 . K + Pic -) 1 and (18C6 . K + Pic -) 6 simulations starting at the interface provides insights into the effect of concentration. In the more concentrated system, a complex situation is found where the anions are at the interface, some cations are complexed, others are not. In one simulation, a complex has been extracted to chloroform. The simulation of the 6(18C6) chl /6(K + Pic -) wat system ("computer extraction experiment") which started from a completely different situation did not lead to formation of complexes. However, some 18C6 also moved at the interface, as did some K + cations, presumably attracted by the counterions. In some cases, some K + cations are a few Ångströms from 18C6, "ready for complexation" (see Fig. 13 ).
It is likely that longer MD simulations on this system, or simulations with more concentrated solutes would lead to formation of the complex. The corresponding energy barrier should be lower at the interface than in bulk water solution, because the interface is more "gas phase like", and the energy cost to desolvate the ion is less than in the source phase. Thus, taken together, and based on the fact that the concentration of reactive species is high at the interface, these results suggest that complexation takes place at the interface and is facilitated, compared to an homogeneous solution phase. This is fully consistent with current views on related systems. 48, 53, 58, 62 The interpretation of kinetic data of ion extraction by crown ether derivatives was consistent with an interfacial complexation process. 63 In a study of Ni II extraction by 5-Br-PADAP at water/ toluene and water/heptane interfaces, Watarai et al. estimated that the percentage of the interfacial reaction over the total reaction rate was respectively 99.9% and 94.4%. 57 The capture and recognition of alkali or guanidinium cations by monolayers of calix[n]arene derivatives at the air/water interface has also been reported.
64
Anions at the interface facilitate the cation capture and extraction
The efficiency and selectivity of cation liquid-liquid extraction are markedly influenced by the accompanying counterions X -, mostly due to their dehydration energy. 61, 65 Large and soft polarizable anions like Picare often used in extraction processes because of their "lipophilic character" 66 and because they are surface active. 49, 67 It is generally considered that anions are more surface active than cations of similar size. 46, 68 In 1888, Hofmeister established a classification, based on their effects on proteins stability in solution: 69 SO 4 2-= HPO 4 2-< F -< Cl -< I -= ClO 4 -< SCN -These effects are likely related to their interfacial behavior. 70 It is noticeable that ClO 4 -, often used as counterion in extraction experiments (see refs. 57 & 71 for instance) sits at the right hand side of this series, as should be Pic -. When simulated at the water/chloroform interface, both anions remain adsorbed, while halides migrate to water. 72 Bulky anions like dicarbollides 79 should be still more surface active. One key question is why cations approach the interface, especially the highly charged and hydrophilic ones. The simulations on the (18C6 . Sr 2+ 2Pic -) 1 complex show that it dissociates after migration to the aqueous phase. In diluted conditions, its concentration at the interface is thus expected to be lower than the concentration of the (18C6 . K + Pic -) 1 complex. However, the surface activity of anions is felt to markedly determine the lifetime and stability of the complexes at the interface: when suitable anions concentrate of the interface, the local cation's concentration is increased, and complexation may take place. The extraction of actinide or lanthanide cations by TPTZ ligands was found to increase when α-halocaproic acid was added to the medium. 73 This fatty acid, like TBP or TOPO synergists used in lanthanideactinide extraction processes (see ref. 74 and references cited therein) is surface active and facilitates the cation capture at the interface. Synergistic effects in ion extraction 75 may also be related to interfacial properties, without requiring necessarily co-complexation of the ion.
Computational aspects
This study demonstrates the power of computer simulations which reproduce known trends on interfacial phenomena, and provide in addition microscopic pictures. They may suffer from a number of limitations: the size of the system may be too small (interfacial area and size of solvent boxes). It is not clear whether the solvents at about 20 Å from the interface are "bulk like", or still perturbed. The representation of the solvents that we used, derived from pure liquid simulations, may not be appropriate for solvent mixtures or interfaces. The dielectric constant of water is likely lower at the interface than in the bulk phase. 76 The treatment of boundaries and of long range electrostatic interactions are also important. 39, 77 For instance, increasing the cut-off distance enhances the barrier for migration of complexed ionophores from the interface to the organic phase. 22, 78 Non-additivity and polarization effects may also modulate the results obtained by standard pairwise additive potentials. 13, 16 Despite all these limitations, the results presented here and previously are quite encouraging and in overall agreement with related macroscopic data. We hope that they contribute to develop deeper views on solution and interfacial phenomena, and to stimulate further experiments.
